We developed an algorithm, HMZDelFinder, that uses whole exome sequencing (WES) data to identify rare and intragenic homozygous and hemizygous (HMZ) deletions that may represent complete lossof-function of the indicated gene. HMZDelFinder was applied to 4866 samples in the Baylor-Hopkins Center for Mendelian Genomics (BHCMG) cohort and detected 773 HMZ deletion calls (567 homozygous or 206 hemizygous) with an estimated sensitivity of 86.5% (82% for single-exonic and 88% for multiexonic calls) and precision of 78% (53% singleexonic and 96% for multi-exonic calls). Out of 773 HMZDelFinder-detected deletion calls, 82 were subjected to array comparative genomic hybridization (aCGH) and/or breakpoint PCR and 64 were confirmed. These include 18 single-exon deletions out of which 8 were exclusively detected by HMZDelFinder and not by any of seven other CNV detection tools examined. Further investigation of the 64 validated deletion calls revealed at least 15 pathogenic HMZ deletions. Of those, 7 accounted for 17-50% of pathogenic CNVs in different disease cohorts where 7.1-11% of the molecular diagnosis solved rate was attributed to CNVs. In summary, we present an algorithm to detect rare, intragenic, single-exon deletion CNVs using WES data; this tool can be useful for disease gene discovery efforts and clinical WES analyses.
INTRODUCTION
Copy number variants (CNVs) contribute to a substantial fraction of human genetic variation and are increasingly implicated in disease associations and human gene and genome evolution (1) . CNVs have been found to be causal for many human disease phenotypes, including dozens of genomic disorders and hundreds of known Mendelian disease traits (2, 3) . Homozygous and hemizygous (HMZ) whole-and partial-gene deletions often result in null alleles and a complete loss of gene function (4) . Although HMZ deletions constitute only a subset of all clinically relevant CNVs, they can play a major role in the discovery of novel Mendelian genes (5) (6) (7) (8) (9) . In addition, heterozygous deletions involving recessive disease genes are an important part of an individual's recessive carrier status (10) and also directly contribute to disease by introducing compound heterozygous states where a deletion on one chromosome homologue coincides in genomic position with a loss of function or hypomorphic single nucleotide variant (SNV) allele on the other homologue (11) (12) (13) (14) (15) .
Whole exome sequencing (WES) targets approximately 1% of the human genome (exons) coding for protein and it is enriched for disease-associated variants. The WES approach directly detects SNVs and very short (<50 bp) inser-tions or deletions (InDels), and also provides an opportunity for the detection of larger CNVs (16) . The read depth information from WES data is a potential indicator of copy number information. However, unavoidable biases in exome capture technology and variability in sequencing efficiency in WES data of individual genomes present a challenge for inferring undistorted copy number information from simple summaries of sequencing data.
Current available tools for the detection of CNVs from WES data (17, 18) are capable of identifying CNVs encompassing three or more exons, but can have high false positive rates (19) . Distortions in read depth that vary by capture region and hybridization make detection of deletions and duplications as small as a single exon a difficult challenge; the former 'single-exon HMZ CNV detection' being the focus of the work presented here.
CNV calling methods from WES data try to remove the systematic experimental variations in capture and sequencing by normalization approaches. CNV-calling algorithms apply different normalization methods that include: (i) principal component analysis in XHMM (17) , (ii) singular value decomposition in CoNIFER (18) , (iii) a generalized additive model in CoNVex (ftp://ftp.sanger.ac.uk/pub/users/ pv1/CoNVex/Docs/CoNVex.pdf), (iv) log-linear decomposition in CODEX (20) , (v) selection of a highly correlated reference sample set for each sample in CANOES (21) and CLAMMS (22) and (vi) comparison of each exon's depth to its gene's median depth in ExonDel (23) . These normalization methods enable a more linear correlation between read depth and inferred copy number. The drawbacks include a requirement for large sample collections as input, which can present computational challenges, and an increased risk of removing true signal from the data, which affects detection of small and rare CNVs.
Inherent depth-of-coverage fluctuations can be overcome by using excessive depth of coverage (for instance >850x) (24) . However, this costly approach cannot be implemented retrospectively in the analyses of large-scale WES studies, which typically vary in average depth of coverage between 40x and 100x in both research and clinical diagnostic laboratories (25) .
Here, we developed a new algorithm, HMZDelFinder, to identify intragenic rare variant HMZ deletion CNVs potentially contributing to Mendelian disease. This algorithm extracts different data sources from WES. These data include: (i) read count information from BAM files and (ii) zygosity information from VCF files. The read count information from BAM files is jointly called from all the samples in the cohort, which enables potential exonic rare HMZ deletions to be identified, whereas it allows exclusion of exons with a low depth-of-coverage. The VCF files are used to cull B-allele frequency information per exome, which enables the identification of regions of absence of heterozygosity (AOH) consistent with inherited copy number neutral genomic segments in which rare homozygous deletions may be embedded; i.e. identity by descent. Joint sample calling per exon aims to reduce false-negative calls for small (e.g. single exon) CNVs whereas information about AOH genomic intervals is anticipated to potentially further reduce falsepositive calls.
We applied HMZDelFinder to the analysis of WES data from 4866 subjects (including 2580 males and 2286 females) enrolled in the Baylor-Hopkins Center for Mendelian Genomics (BHCMG) cohort. We identified 773 deletion calls including 567 homozygous and 206 hemizygous (i.e. Xchromosome in males) deletion CNVs with an estimated sensitivity of 86.5% (82% for single-exonic calls and 88% for multi-exonic calls) and precision of 78% (53% single-exonic calls and 96% for multi-exonic calls) as informed by orthogonal experimental validation of selected genomic deletion calls. Additional evaluation, performed on 50 samples from the 1000 Genomes Project (1000GP) data and analyses of inheritance using trio data confirmed the high sensitivity and precision of HMZDelFinder. Finally, the comparison of HMZDelFinder to other CNV calling algorithms (CoNIFER (18) , CoNVex (ftp://ftp.sanger.ac.uk/pub/users/ pv1/CoNVex/Docs/CoNVex.pdf), XHMM (17) , ExonDel (23), CANOES (21), CLAMMS (22) and CODEX (20) ) revealed that HMZDelFinder performed quantitatively better with respect to the detection of rare and small intragenic HMZ deletions; particularly those spanning only a single exon. The HMZDelFinder-detected rare intragenic CNV can have utility in research gene discovery efforts (14, 15, 26) , and may be relevant to clinical genomic diagnostics.
MATERIALS AND METHODS

Input data
DNA samples were processed according to protocols previously described (27) . Sequencing was performed in the Human Genome Sequencing Center (HGSC) using Illumina Hi-Seq (San Diego, CA, USA) instruments after exome capture with HGSC VCRome (1901 samples) or the HGSC CORE (2965 samples) designs. To minimize the influence of differences between the two designs on the results of the CNV detection method, we identified the intersection of the capture designs and excluded exons/targets located outside the regions of overlap. Personal genome sequence was achieved at an average depth-of-coverage of 95X, with >92% of the targeted bases having >20 reads. Raw sequence data were post-processed using the Mercury pipeline (28) . The Mercury pipeline performs conversion of raw sequencing data (bcl files) to the fastq format using Casava, mapping of the short reads against a human genome reference sequence (GRCh37) by the Burrows-Wheeler alignment, recalibration using GATK (29) and variant calling using the Atlas2 suite (30) . The Mercury pipeline is available in the cloud via DNAnexus (http://blog.dnanexus.com/2013-10-22-run-mercury-variant-calling-pipeline/).
Extraction of read depth from BAM files and preprocessing of VCFs to identify AOH segments
For input, the algorithm used BAM and corresponding VCF files generated on 4866 samples (2580 males and 2286 females) sequenced at the BHCMG, part of the Centers for Mendelian Genomics (31, 32) . Each individual genome BAM file was transformed into per-exon read depth (reads per thousand base pairs per million reads; RPKM) using a custom R script and the featureCount function implemented in the Bioconductor R package Rsubread (33) . VCF Nucleic Acids Research, 2017 , Vol. 45, No. 4 1635 files, from each individual personal genome, were used to identify regions of AOH using the following algorithm: first, from all SNVs that passed quality filters in the single VCF, we extracted a B-allele frequency (i.e. variant reads/total reads ratio); next, we transformed this ratio by subtracting 0.5 and taking the absolute value for each data point. After such a transformation, values > 0.45 were considered indicative of homozygous variants (expected value is 0.5) corresponding to either alternative or reference alleles, whereas lower values likely indicate heterozygous alleles. Transformed B-allele frequency data were then processed using circular binary segmentation (CBS) implemented in the DNAcopy R Bioconductor package (34) . In summary, segments with the mean signal > 0.45 and size >1 kb were classified as AOH regions and submitted to further CNV analysis. Since the output of CBS may contain gaps between segments (i.e. regions with no SNVs that for example may represent HMZ deletions), the identified AOH regions were extended to include adjacent gaps.
Overview of the deletion CNV detection analysis pipeline
To identify potential HMZ deletions from WES data, we developed an algorithm to call such variants jointly across the entire sample data set. Joint calling allowed for rigorous control data at each captured exon and minimized the number of false positive calls that could emerge from low coverage regions. HMZ deletion CNVs were called in all 4866 WES samples (2580 males and 2286 females) using a procedure consisting of 8 steps (Figures 1 and 2A) . First, the data from WES were transformed into per-exon read depth values, i.e. each sample was processed to calculate the RPKM values for each one of its 196,907 exons that were captured and sequenced. Second, all exons with median RPKM < 7 were removed from the analysis to avoid exons that presented with a low average depth-of-coverage value, ∼7% of exons (13,603 out of 196,907) were excluded. Third, in this next step the algorithm annotated a single exon as potentially deleted if it presented 0 or a low level of read depth (RPKM < 0.65) (please refer to the next section for details of how we performed selection of the RPKM threshold value). This filtering step identified 2521 potentially rare deleted exons on average per sample. In the fourth step, low quality and common deletion CNVs were parsed from further processing if the frequency found for a particular HMZ deletion was ≥0.5% in the BHCMG study cohort. This step decreased the average number of putative calls to 10.45 calls per personal genome sample. Fifth, to minimize the influence of low quality samples on algorithm output, we excluded outlier samples with the highest number of calls (i.e. the top 2% of the highest number of calls) and then repeated step 4 without these samples, which reduced the average number of calls to 4.47. In the sixth step, calls from consecutive exons were merged and then calls <50 bp were excluded. After this step the average number of putative HMZ deletions was 3.36. In the penultimate seventh step, potential CNV calls identified in a given sample were then intersected with AOH regions (determined by CBS) larger than 1 kb as defined in the previous section. Calls that do not overlap with any AOH region were parsed from further analysis as potential false positives (FPs). This is due to the expectation that rare, pathogenic homozygous deletions are likely to be located within larger AOH regions, because of the inheritance of common haplotype block from both parents (see also Supplementary Text for further justification of AOH filtering step). This step resulted in 2903 potential deletions (0.6 calls per sample on average). In the final eighth step, a z-RPKM value was derived for each individually identified deleted exon. The z-RPKM derivation occurred as follows: for a given deleted exon, from its original RPKM value the average RPKM in this exon across all samples was subtracted and divided by the standard deviation. The final score for a deletion CNV was computed as an average z-RPKM across all of its exons. This filtering step resulted in 773 best quality calls (0.16 calls per sample on average) having z-RPKM lower or equal to −1.5. The z-score threshold was determined based on the analysis of validation results described below. The final call set of 773 was used for evaluation of algorithm performance and comparison to other CNV calling methods.
Selection of RPKM threshold value
To determine the optimal RPKM threshold (used in step 3 of the analysis pipeline described above), we analyzed the global distribution of RPKMs for all exons in all samples. For every exon (design target), we calculated the 0.5% quantile of all RPKM values for this exon (i.e. the maximum RPKM of the 0.5% of the lowest RPKM values in the exon). We found that the density distribution function derived for these values across all exons ( Figure 2B ) is bi-modal. The first mode corresponds to the population of exons with poor coverage in a significant fraction of study samples (i.e. in ≥0.5% of individuals). This could be due to technical artefact, repetitive sequences or because of the existence of common variant, and therefore likely non-pathogenic, heterozygous or homozygous deletions. We set the RPKM threshold at the local minimum between two modes (RPKM = 0.65) of the aforementioned distribution. Such a selection of the threshold forces our algorithm to include all of the poorly covered or commonly deleted exons (i.e. corresponding to the first mode of the distribution) into the first set of potential deletion calls generated in step 3. However, since these calls are present in >0.5% of the cohort, they can be jointly removed in step 4 of the algorithm, because they exceed the frequency cut-off value. Note that if the RPKM threshold would be lower, then only a part of these low quality calls originating from non-informative exons would be identified in the step 3 and as a potential consequence they could pass the frequency filter and increase the false positive rate of the algorithm. Similarly, the selection of higher threshold would result in additional false negative calls.
In order to estimate the influence of selected threshold (RPKM ≤ 0.65) on the sensitivity of HMZDelFinder, we computationally characterized 5 large experimentally identified homozygous deletions in 5 samples from 4 families (one deletion was shared between two individuals from the same family) spanning in total 86 exons. This control CNV 'call set' was validated as homozygous by polymerase chain reaction (PCR) or array comparative genomic hybridization (aCGH) (Supplementary Table S1 ). The presence of HMZ deletions in a given exon is determined independently In AOH filtering step, absence of heterozygosity (AOH) is calculated from VCF files and a representative AOH plot is displayed in the lower track (above right). In that plot, the y-axis shows the B-allele frequency (i.e. variant/total reads ratio) extracted from exome data VCF files. This B-allele frequency information is then processed using circular binary segmentation (CBS) implemented in the DNAcopy R Bioconductor package. The resulting segments (gray in color) in the AOH plot denote AOH regions identified by the above algorithm. As expected, the AOH regions consist of the variants (points) that have variant/total reads ratio around 1. After the identification of AOH regions from exome sequencing data, the deletion calls are removed if they do not reside in any AOH region larger than 1 kb. (viii) The final HMZ copy number variant (CNV) deletion calls are prioritized based on their average z-RPKM values. In the deletion plots, the loci that contain the deleted exons and its neighboring exons are shown. Y-axis displays the RPKM values on a log scale. The dashed vertical black line indicates the deleted exon. The red vertical line connects RPKM values at the deleted exon and neighboring exons in the sample. Each black line demonstrates the RPKM information for all of the other samples in the Baylor-Hopkins Center for Mendelian Genomics (BHCMG) cohort. The lower blue dashed line exhibits the threshold RPKM value used in the study. The details of the call (i.e. sample name, position, number of exons deleted and z-score) are provided at the top of each plot. The generated deletion plots are manually inspected further to eliminate potential false positive calls.
from the copy number information retrieved from the adjacent exons. Therefore, for multi-exonic deletions, it is expected that the algorithm makes a call in every exon within the deletion. The threshold RPKM ≤ 0.65 resulted in 84 out of 86 exons being called (Supplementary Figure S2) . This experiment enabled us to estimate the false negative rate as ∼2.3% and supported the notion that this selected threshold presents a minimum impact on algorithm sensitivity.
Sensitivity of the algorithm to the minimal size of AOH threshold
We empirically examined different thresholds for the minimal size of AOH region that can be used for filtering and we found virtually no difference in the number of calls overlapping with AOH regions when the minimal AOH size varies between 1 kb and 100 kb (Supplementary Figure S3) . This The first mode of the distribution likely includes poorly covered and commonly deleted exons in our cohort. We selected an RPKM threshold between these two modes (at RPKM = 0.65) to initially annotate all of these exons as potentially deleted (step 3). In step 4, common deletions are subtracted from the list of deletion calls if the frequency of a particular HMZ deletion ≥0.5% in the whole cohort. may suggest that homozygous deletions are usually surrounded by AOH genomic intervals that are larger than 100 kb. On the other hand, this may also stem from the limited resolution of AOH that depends on the availability and the number of SNV variants in the VCF files from that particular genomic interval interrogated.
Tests on 1000GP data
We selected 50 sample data sets from the 1000GP for which both WES data and genome-wide CNV calls based on the low-coverage and trio-phased data sets were available. The consensus BED file containing the chromosomal positions of targets used for exome sequencing was downloaded from the following URL:
(ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/phase1/ analysis results/supporting/exome pull down/20120518. analysis exome targets.consensus.annotation.bed) and BAM files were obtained from (ftp://ftp.1000genomes. ebi.ac.uk/vol1/ftp/phase1/data/). The integrated genotype data including the information about deletion CNVs were retrieved from the UCSC genome browser (ftp: //hgdownload.cse.ucsc.edu/gbdb/hg19/1000Genomes/). From the set of CNV calls obtained from whole genome sequencing (WGS) data, we extracted all deletions (i.e. with 'SVTYPE = DEL' in INFO column) for which at least one sample was homozygous or hemizygous. Next, we selected the subset of deletions that overlap with the targets included in the consensus BED file, so they could be potentially detected using WES data. We removed the deletion calls that were observed more than 3 times in the 1000GP data set (i.e. maximum frequency = 6%) and the calls within low-copy repeats (LCRs). On the same data set of 50 samples, we also implemented seven CNV calling algorithms including: CoNIFER (18), CoNVex (ftp://ftp. sanger.ac.uk/pub/users/pv1/CoNVex/Docs/CoNVex.pdf), XHMM (17) , ExonDel (23), CANOES (21), CLAMMS (22) and CODEX (20) .
Orthogonal validation of CNV calls from BHCMG cohort
To evaluate results predicted by HMZDelFinder in the BHCMG cohort, we selected 196 HMZ deletion calls in 90 samples (see Results for details). The genomic coordinates for each predicted deletion were used to select probes included in the design of three custom high-density Agilent arrays (all in the 8 × 60K format, with ∼200 bp per probe coverage, AMADID 077567, 077569 and 080031). Hybridization controls were gender matched (HapMap individual NA10851 as male control and HapMap individual NA15510 as female control). Scanned array images were processed using Agilent Feature Extraction software (version 10) and extracted files were analyzed using Agilent Genomic Workbench (version 7.0.4.0). Array designs were based on the February 2009 genome build (GRCh37/hg19 assembly).
We performed long-range PCR using primers spanning deletion breakpoints validated by aCGH to confirm and more accurately map the experimentally identified CNVs. PCR reagents and concentrations have been described previously (35) . The thermal cycler was programmed as follows: 94
• C × 1 min; 30 cycles of 94 • C × 30 s followed by 68
• C × 7 min; 72 • C × 10 min. PCR primers are listed in the Supplementary Methods. Breakpoint PCR products were treated with ExoSAP-IT (Affymetrix) according to the manufacturer's instructions, then sequenced by Sanger dideoxynucleotide sequencing (Baylor College of Medicine Sequencing Core, Houston, TX, USA).
Testing genetic model for inheritance of homozygous deletion CNVs
To experimentally test the inheritance model for presumed homozygous deletions identified by HMZDelFinder, we selected the following families from the BHCMG cohort: ten trios (proband and unaffected parents) and three quartets (two unaffected parents and two affected siblings). In order to estimate the actual copy number state for the selected deletion calls and test the carrier status of parental samples, we performed digital droplet PCR (ddPCR) experiments for all individuals that had DNA available in these 13 families.
ddPCR was performed using the QX200™ AutoDG™ Droplet Digital™ PCR System from Bio-Rad following the manufacture's protocols. Briefly, a 20 l mixture was constructed for each PCR reaction, containing 10 l of 2x Q200 ddPCR EvaGreen Supermix, 0.25 l of each primer (10 M) and 20 ng of genomic DNA. The reaction mixture was subjected to automatic droplet generation, followed by PCR reaction and droplet reading. Cycling conditions for PCR are as the following: 5 min at 95
• C, 40 cycles of 30 s at 95
• C/1 min at 64
• C/1 min at 72
• C, 5 min at 4
• C, 5 min at 90
• C and finally infinite hold at 4
• C. Ramp rate was set for 2
• C per second for all steps. These data were analyzed using QuantaSoft TM Software from Bio-Rad, and concentrations of positive droplets (number of positive droplets per l of reaction) were obtained for each PCR reaction. Primers to a control gene, RPPH1, were also included for each sample.
Determining performance of other CNV calling algorithms to detect HMZ deletions
To compare our results with other CNV calling tools, we implemented seven algorithms, including: CoNIFER (18), CoNVex (ftp://ftp.sanger.ac.uk/pub/users/pv1/CoNVex/ Docs/CoNVex.pdf), XHMM (17), ExonDel (23), CA-NOES (21), CLAMMS (22) and CODEX (20) on a selected BHCMG data set including all samples with validated HMZ deletions and the 1000GP data set using default parameters. In addition, for algorithms that require control data (all except ExonDel), the control samples were selected from the BHCMG cohort. All deletion calls from CoNIFER, CoNVex, XHMM and ExonDel were compared to HMZDelFinder output. For CANOES, CLAMMS and CODEX that are able to distinguish HMZ from heterozygous deletions, only HMZ deletion calls were compared to HMZDelFinder output.
Alternative splicing analysis
Using the Bioconductor R transcript annotation package TxDb.Hsapiens.UCSC.hg19. knownGene, we downloaded all the information regarding the gene ids, gene names, transcript ids, transcript names and exon ids from the UCSC gene annotation table. For each potential deletion call and for each exon within such deletion, we determined the number of alternatively spliced transcripts, in which this exon is included. Next, we calculated the ratio of this number to the number of all transcripts of the associated gene. To generate a control data set, we computed the same ratios for all of the exons from the capture target regions.
RESULTS
Evaluation of the algorithm performance using 1000GP data
For evaluation of the algorithm performance, HMZDelFinder was applied to 50 samples extracted from 1000GP data using its default parameters as described in Materials and Methods. The 1000GP Consortium reported 7674 HMZ deletion calls in the set of 50 samples that map to 1180 different genomic intervals. In the 50 samples there were no HMZ deletions with frequency < 0.5%. Therefore, we relaxed the maximum frequency cut-off from 0.5% to 6% for the low quality/common deletion calls that were parsed from the analysis (step 4 of the algorithm as described in the Materials and Methods section). Since we focused on the detection of non-pathogenic and relatively common deletions (with frequency up to 6%), the AOH filtering step was not used. In total, 6 homozygous deletions in 6 individuals were reported by the 1000GP Consortium from which HMZDelFinder was able to detect all of them (Supplementary Table S4 and Figure S5 ). In addition, HMZDelFinder identified one deletion on chromosome X, i.e. a hemizygous deletion CNV, in a male subject spanning ZNF630 (Supplementary Figure S5G) that was not reported in the set of calls reported by the 1000GP. Analysis of this segment in the database of genomic variants (36) indicates that this particular deletion (nssv470162) was previously detected in the same individual using a SNP array further supporting the HMZDelFinder result.
On the same 50 sample data set we tested seven other CNV calling algorithms (CoNIFER, CoNVeX, XHMM, ExonDel, CANOES, CLAMMS and CODEX; Supplementary Table S4 ). None of the algorithms detected all of the six homozygous deletions detected by HMZDelFinder. The next most sensitive algorithm was CLAMMS, which detected five out of the six homozygous deletions -it missed a deletion that included six exons.
Evaluation of the algorithm performance using BHCMG data
The HMZDelFinder for calling rare and intragenic deletion CNV was implemented on WES data from 4866 samples (2580 males and 2286 females) in the BHCMG cohort (Figures 1 and 2 Supplementary Figure S6 for details on how we used empirical evidence to fine tune HMZDelFinder and the selection criteria for deletion calls and samples to be used for experimental validation). The fine-tuned HMZDelFinder was implemented for the BHCMG cohort and gave as output 2903 calls. Out of those, there were 134 deletion calls in 68 samples that underwent experimental validation, from which 72 had been confirmed (Supplementary Table S7 ). This allows an estimate of the algorithm precision as 53.7%.
To further optimize the analysis of the deletion calls and toward efforts to increase algorithm precision, we calculated z-score values as described in the Materials and Methods section. The z-score can be used to prioritize the list of deletion calls per sample. We evaluated this approach on the above-mentioned set of 72 true positive, 2 false negatives and 62 false positive calls validated by aCGH and/or PCR. We computed the sensitivity and false discovery rate (FDR = FP/(TP+FP), where TP stands for true positives) on the data filtered with different z-score cut-off values ranging from −0.7 to −3.8. These data show that by applying filtering (z-score < −1.5), the total number of calls can be reduced to 773. There were 82 deletion calls in 55 samples that underwent independent experimental validation. Out of those, 64 calls were confirmed. Using this filtering, the precision (1-FDR) of the algorithm increased from 53.7% to 78% (64 confirmed HMZDelFinder detected deletions out of 82 deletion calls), while still keeping the sensitivity at 86.5% (64 confirmed HMZDelFinder detected dele-tions out of 74 confirmed deletions) (Supplementary Figure  S8A) . The precision for the single and multi-exonic calls was 53% and 96%, respectively (see Supplementary Figure S8B and C). This set of 773 best-quality calls optimized for maximum sensitivity and precision were used for further analysis.
Comparison with other CNV detection methods
To compare HMZDelFinder output with other CNV detection tools, we processed WES data from the 62 BHCMG samples in which 74 HMZ deletions were confirmed by aCGH/PCR. The set of calls generated by HMZDelFinder was compared with the output from CoNIFER (18), CoNVex (ftp://ftp.sanger.ac.uk/pub/users/ pv1/CoNVex/Docs/CoNVex.pdf), XHMM (17), ExonDel (23), CANOES (21), CLAMMS (22) and CODEX (20) . Detailed comparisons of HMZ CNVs detected by these seven algorithms are presented in Supplementary Table S7 and the subset of those deletions, which were found to contribute to patients' phenotypes is shown in Table 1. WES analyses using CoNIFER, CoNVex, XHMM, ExonDel, CANOES, CLAMMS, CODEX and HMZDelFinder detected 16 (22%), 29 (39%), 39 (53%), 7 (9%), 4 (5%), 21 (28%), 48 (65%) and 64 (86.5%) out of those 74 validated deletions, respectively ( Figure 3A and B). Single-exon deletions were particularly underrepresented as CoNVex detected 4 (18%), CANOES detected 3 (14%), CLAMMS detected 4 (18%), CODEX detected 3 (14%), XHMM detected 2 (9%) out of 22 validated in our cohort ( Figure 3C) ; whereas HMZDelFinder detected 18 (82%) single-exon deletions ( Figure 3C ). None of the validated single-exon deletion calls were identified by CoNIFER or ExonDel, despite the fact that the latter has been specifically developed to detect homozygous deletions at the single exon level. The ExonDel algorithm detects CNVs based on the distribution of the median read depth information across all the exons in a given sample, in contrast, HMZDelFinder performs joint-calling of read depth information per exon retrieved from multiple samples. ExonDel generated an average number of 394.7 calls per exome on which 7 out of 74 validated deletions (0 of 22 single-exon deletions) were partially detected.
Sensitivity of the algorithm to the cohort size
HMZDelFinder is tailored to find rare and intragenic variant events. To analyze the impact of the cohort size on the deletion detection rate, we implemented HMZDelFinder using subsets of the BHCMG cohort (4866 samples in total including 2580 males (53%) and 2286 (47%) females) consisting of different sample sizes, i.e. using the WES data from 100, 200, 500, 1000, 2000, 3000, 4000 and 4866 individuals. WES data from the 62 samples with the 74 HMZ validated deletions were included in all of these data subsets. The remaining samples in each subset were selected randomly from the entire BHCMG cohort. The gender ratio was kept equivalent in each subset, 53% males and 47% females, to that of the total BHCMG cohort. This analytical approach enabled estimation of the sensitivity and precision as samples were processed together with cohorts of different sizes (Supplementary Figure S9) . While the precision is mostly stable across the set of experiments, we observed an increase in the sensitivity, from 46% to 72%, when the number of samples is enlarged from 200 to 300. This reflects the main limitation of using small cohorts while searching for rare and pathogenic CNVs using HMZDelFinder. This could be exemplified by the lack of ability to detect HMZ deletions that occur more than once in the set of validated 62 samples and therefore are relatively too common to pass the maximum frequency threshold. Furthermore, sensitivity increases to 74% for the cohort size of 500 samples and finally achieves 86.5% for 1000 samples.
Consanguinity rate in the BHCMG cohort
Rare and pathogenic homozygous deletions are likely to be located within larger AOH regions due to the inheritance of a shared haplotype block from both parents (inherited by descent -IBD). To identify consanguineous families in the BHCMG cohort, the fraction of the genome with genomic intervals presenting large regions of AOH (>5 Mb) was calculated for each sample. To differentiate the individuals with a relatively high coefficient of consanguinity and consanguineous families from non-consanguineous families, we determined a threshold for the fraction of the genome covered by AOH regions as >2% of the genome based on the training data of samples in BHCMG cohort with parents who are first-degree and second-degree relatives. Based on these calculations, ∼13% of samples from the BHCMG cohort (654 out of 4866) could be considered as consanguineous; given that the cumulative size of AOH regions larger than 5 Mb exceeds 2% of their genomes.
Inheritance of predicted CNV calls
For algorithmically identified homozygous deletion CNVs, we investigated a selected sample set in which DNA was available for both parents for empirical 'wet-bench' experimental verification of Mendelian expectations. We confirmed the presence of homozygous deletions in 16 out of 16 affected individuals in 13 families by ddPCR (Figure 4) . Importantly, ddPCR experiments also experimentally demonstrated that, consistent with Mendelian recessive expectations, the parents of these 16 individuals are heterozygous carriers of the experimentally analyzed exonic deletion calls. In particular, we determined that among all parental samples the relative positive droplet ratios (target genes compared to control genes) varied between 43-55%, i.e. the ratios were close to the expected value (50%) for heterozygous deletion carriers. In summary, these experimental validations confirmed the homozygous deletions of 16 homozygous deletion calls originally identified by HMZDelFinder as well as fulfilment of Mendelian expectations -the heterozygous deletions in parents of these 13 families ( Figure  4) .
Investigation of small, rare exonic deletions in 4866 BHCMG samples
After algorithm optimization, HMZDelFinder detected 773 deletions, comprising either homozygous (567) or hemizygous (206) calls, thus yielding an average of 0.16 deletions per genome ( Figure 5A ). The length of these deletions ranges from 51 bp (1 exon) to 371.1 kb (39 exons) with a median length of 179 bp ( Figure 5B ). Importantly, 572 out of 773 calls (∼74%) correspond to single-exon deletions. To evaluate the frequency of those potential HMZ deletions in our cohort we compared the genomic coordinates of those 773 calls with high resolution CNV data extracted from an array containing 42 million oligos performed in 450 individuals comprised of samples with European, African and East Asian ancestry (37), 1000GP pilot phase data (38, 39) and Deciphering Developmental Disorders data (40) . Our analysis revealed that 85.9% were rare variant CNVs (MAF ≤ 1%) and 14.1% of 773 identified CNVs reside in a genomic interval containing a common CNV (MAF > 1%) ( Figure  5C ). Examining inheritance of homozygous deletions experimentally by ddPCR. The segregation of HMZDelFinder-detected deletion calls is confirmed by digital droplet PCR (ddPCR) in 16 individuals in 13 families. Each family is presented with its pedigree structure using standardized symbols (squares = males; circles = females; filled symbols show affected individuals). The gene and the proband's phenotype are depicted above each pedigree. Each bar graph shows the relative positive droplet ratios (target gene compared to control gene) in each available family member (blue vertical bar = ddPCR counts in control DNA; grey = counts in mother; black = father; pink = counts observed in affected child with homozygous deletion). The affected individuals with the deletion calls detected by HMZDelFinder are experimentally verified to have homozygous deletion CNV (the relative positive droplet ratios ≈ 0) and the parents are confirmed to be heterozygous carriers (relative positive droplet ratios ≈ 0.5). 
Discovery of potential pathogenic gene deletions in patients with Mendelian disorders
To examine for a potential disease contribution for these computationally predicted HMZ intragenic deletions, we investigated whether genes disrupted or encompassed by these deletions are associated with a disease phenotype in OMIM (http://www.omim.org). Our analysis revealed that 20% (158) of 773 predicted deletions encompass at least one gene, which is associated with a disease trait in the OMIM database (http://www.omim.org) ( Figure 5D ). Of these, 65.1% (103 out of 158 HMZ deletions) encompass a gene, in which the phenotype is associated with a recessive inheritance pattern in OMIM. Of the 206 hemizygous deletions, 42 (20.3%) deletions occurred in a gene associated with a known X-linked recessive disease.
From the list of 64 validated calls predicted by HMZDelFinder, a subset of homozygous deletions (N = 12) likely explain or contribute to the subjects assessed phenotypes in 8 families ( Figure 6 , Table 1 ). These potentially disease associated variants/genes include: (i) DOCK8 (2 patients (14) , Hyper-IgE recurrent infection syndrome, autosomal recessive, MIM #243700, (41) (26), Becker muscular dystrophy, MIM #300376, which was an incidental finding and explained a part of patients' phenotypes) and a novel candidate disease gene RIPPLY1 (Figure 7) .
Novel candidate Mendelian genes
RIPPLY1 is a novel candidate disease gene for a heterotaxy syndrome. We recently identified RIPPLY2 SNV mutations in association with a novel syndrome consisting of heterotaxy and segmentation defects of the cervical vertebrae clinically diagnosed as Klippel-Feil syndrome (MIM #613702) (43) . Recent studies reveal that 8-11% of congenital scoliosis, a common/complex trait, in the Chinese population is explained by a simple Mendelian recessive model at the TBX6 locus. This recessive model consists of one rare variant null allele (due to either a 16p11.2 deletion CNV or a loss of function allele caused by a nonsense/frameshift SNV of TBX6) in combination with a hypomorphic allele consisting of a noncoding upstream SNV haplotype that is a common variant in the Chinese population. These congenital scoliosis patients have vertebral segmentation defects (11) . RIPPLY1 and RIPPLY2 act to regulate TBX6 during somitogenesis and development of the embryo's body plan.
To facilitate novel disease gene discovery, we integrated BHCMG SNV and CNV data. In this way, we found a number of candidate genes in which we observe a HMZ point mutation or HMZ deletion in subjects with similar phenotypes. This integrative approach led to the identification of a hemizygous splicing mutation in RGN (OMIM #300212) and a hemizygous deletion in exon 4 of RGN in two unrelated male subjects presenting osteoporosis. The protein encoded by this gene is a highly conserved, calcium-binding protein and anticipated to have an important role in calcium homeostasis. The aggregate data suggest RGN as a potential candidate causative gene for osteoporosis.
HMZ deletions are overrepresented in alternatively spliced exons
We performed alternative splicing analysis on the exons included in the predicted 773 deletion calls. This analysis revealed that 18% of deleted exons are observed in less than one-fourth of their associated genes alternatively spliced transcripts; whereas when we considered all of the targeted exons in the genome this number was 12% (Binomial test, P-value = 1.043 × 10 −8 ) (Supplementary Figure S10) . This analysis suggests that a larger than expected fraction of HMZ deletions identified in this BHCMG disease cohort affect exclusively an alternative transcript.
DISCUSSION
CNVs have been causally associated with a significant number of inherited genetic and genomic disorders (3,35,44 ).
These pathogenic CNVs include a substantial number of exonic deletions that have been shown to contribute to various diseases including both genomic disorders and common complex traits (2, (44) (45) (46) . Studies by Boone et al. (10, 35) , Retterer et al. (48) and Feng et al. (24) have reported that pathogenic exonic deletions may occur more commonly in the human genome than recognized by currently utilized molecular diagnostic techniques. Likewise, the analysis of tiling oligonucleotide microarray data of genomes from individuals not selected for rare phenotypes reveals that each person carries >1000 CNVs over 500 bp in size and approximately 2% of these deletions encompass exon-level deletions (37) . Multiplex ligation-dependent probe amplification and targeted aCGH (35, (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) ) data indicate that exonlevel deletions can be the molecular cause of diverse genetic diseases, nonetheless detection of exon-deletion CNV genome-wide, in a cost effective and unbiased manner, remains a challenge. Additionally, the sheer volume of WES data generated in the past few years provide an invaluable resource for rare variant CNV detection, including smaller exon-level and even single-exon intragenic deletions. The exNucleic Acids Research, 2017 , Vol. 45, No. 4 1645 panded use of WES in clinical diagnostics (25, 59, 60) and research (31, 32, 61, 62) for the detection of exon-level SNVs and small InDels renders it a powerful tool for genome-wide rare variant assessment (14, 15, 26) . In addition, the versatility of WES for large and rare CNV detection suggests its future usage as a potential comprehensive mutation detection assay in clinical and research labs. However, it requires investment in data analysis tools in order to diminish its limitations regarding CNV detection (63) .
Despite the availability of several CNV calling tools to identify large CNVs, detection of rare and intragenic CNVs from WES data is a challenge. Other CNV detection algorithms including CoNIFER (18), CoNVex (ftp://ftp. sanger.ac.uk/pub/users/pv1/CoNVex/Docs/CoNVex.pdf), XHMM (17) , CANOES (21), CLAMMS (22) and CODEX (20) are optimized to identify mainly heterozygous CNVs encompassing at least three consecutive exons. There remain limitations for the detection of single exon-level deletion CNV from WES data in currently utilized analysis tools because there is only one data point for each exon. We constructed an analytical tool, HMZDelFinder to enable small sized CNV detection from WES data by developing an algorithm to identify rare, potentially encompassing only a single exon, HMZ deletions. First, utilization of RPKM values for each exon of all samples contributes extensively to the normalization of experimental raw data by exon length and total read number. In addition, the joint calling implemented in HMZDelFinder described here enables evaluation of the distribution of 4866 sample data points for each single exon simultaneously. Examination of this distribution for each exon allows detection of outlier exons (RPKM ≤ 0.65) and development of further filtering steps eliminates low-coverage exons from the analysis, for instance exons with high GC content that may have evaded capture or those encompassing LCRs. In this manner, we reduce the batch effect inherent to WES data analysis (47) . Furthermore, the large sample size of the BHCMG cohort (4866 samples) has elevated the power of the tool, diminishing the limitations to retrieving single exon-level CNV information from WES data. As a result HMZDelFinder could identify 18/22 experimentally validated single-exon deletions while the other programs identified at most 4 (CoNVex and CLAMMS; see Figure 3 and Supplementary  Table S7 ).
In addition to the importance of the joint calling approach for individual exons across multiple samples, the AOH information was a key to filter the false positive calls. The Clan Genomics hypothesis posits that pathogenic variants tend to arise in the recent history of a family or the more extended clan. In the case of recessive disorders, an intragenic heterozygous deletion that arose in an autosomal recessive disease gene may occur at a locus a few generations later in the form of a homozygous CNV due to consanguinity. In this scenario, it is likely that the deletion is inherited as a part of a larger haplotype block common to both parents that is visible in the proband as an AOH region surrounding the homozygous deletion. Similarly, if the affected child inherits two heterozygous deletions of different sizes that arose independently in each parental ancestor, then the overlapping part of these deletions will form a homozygous CNV and the non-overlapping deletion intervals will constitute the AOH region on one or both sides of this CNV (64) . Thus, large AOH regions may surround many rare pathogenic homozygous deletions (see e.g. Supplementary Figure S11 ). This assumption was used to calculate B-allele frequency information from the VCF files and extracted additional information content from the WES data, which added further strength to the exonic read depth information provided by BAM files. Both parameters were shown here to efficiently refine (i.e. an observed 5-fold reduction) the list of potentially pathogenic CNVs and decrease false-positive calls.
Application of HMZDelFinder to the analysis of the BHCMG cohort enabled identification of pathogenic HMZ deletions in 15 individuals (Figure 6 ). Out of these, 7 pathogenic HMZ deletions in 7 individuals were shown to be causative of the subject's clinical phenotype in three distinct disease cohort studies, i.e. primary immunodeficiency disorders, Mendelian neurological disorders and neurogenetic disorders (14, 15, 26) , where CNVs contributed to 11%, 7.1% and 9.1%, of the molecular diagnoses, respectively. Importantly, HMZDelFinder detected alleles accounted for 17-50% of pathogenic CNVs reported in those studies. In addition, we identified two potential novel disease genes: RIPPLY1, a novel candidate gene for heterotaxy, and RGN, a candidate gene for osteoporosis. We also identified a number of HMZ deletion calls that are not clearly associated with the patient's clinical phenotype. Those deletions presumably encompass genes that do not cause the expressed disease phenotype or they affect disease genes that are tolerant to loss of function variants. For the non-validated calls, one possibility is that they affect non-pathogenic or nonfunctional alternative isoforms of their associated gene. In fact, our analysis revealed that 18% of 773 deletion calls map to minor isoform exons (Supplementary Figure S10) .
The evaluation of HMZDelFinder performance was limited to BHCMG and 1000GP cohorts due to the lack of other data sets that could be used as a reference for rare and small CNV detection from WES data. In particular, the validated CNV data set from the BHCMG cohort is a subset of HMZDelFinder deletion calls, which may lead to a bias in comparison of the algorithm performance versus that of other tools. Therefore, we performed additional evaluation on 50 samples from 1000GP data using deletion calls generated from WGS data as a potential 'gold standard' to test novel approaches to detect CNVs from exome. HMZDelFinder was able to detect 6 out of 6 rare homozygous deletions, including a single-exon deletion in 3 patients, reported by the 1000GP Consortium. Moreover, HMZDelFinder identified a hemizygous deletion spanning ZNF630 in the sample NA18856 that was not reported by the 1000GP Consortium (Supplementary Figure S5G) . Such deletion was previously reported in this HapMap sample as inferred by SNP array and reported in database of genomic variants. Interestingly, the SNP array data indicate that one out of two deletion breakpoints maps to a nonunique sequence, whereas the second one maps to a LCR. Based on this observation we suggest that deletions with one or two breakpoints within LCRs are likely more difficult to be detected by the analysis of low coverage WGS, which usually rely on breakpoint detection using read pair and split-read data. Because of the poor mappability of reads within LCRs, this information may be unavailable resulting in false negative calls.
Utilization of WES data as a single comprehensive assay for both the detection of point mutations, InDels and CNVs is urgently needed (65) . First, using a single method for detection of a more comprehensive set of variants facilitates the integration of the results. Integration of SNVs and CNVs may lead to a higher diagnostic yield such as 58% diagnostic rate of intellectual disability (66) (67) (68) . It also may stimulate an elevated rate of novel disease gene discovery as exemplified in the BHCMG sample set by allowing detection of different classes of variant types. Among these classes, HMZ deletions play an important role in pathogenesis of recessive and X-linked disorders. In summary, we demonstrated that our tool facilitates identification of rare variant HMZ deletions, even those encompassing just a single exon, which may contribute to a patients' clinical phenotype and are likely to be missed by other CNV calling approaches.
AVAILABILITY
The source code and usage example of HMZDelFinder are freely available at https://github.com/BCM-Lupskilab/ HMZDelFinder.
